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Abstract: A study is made of fracture from cyclic loading of WC spheres on the top surfaces
of thick (1 mm) brittle layers on polymeric substrates, as representative of repetitive occlusal
contact on dental crown structures. The advantage of glass layers is that internal cracks can
be followed in situ during the entire cyclic loading process. The glass surfaces are first given
a surface-abrasion treatment to control the flaw state, such that the strengths match those of
dental porcelains. Cyclic contact tests are carried out at prescribed maximum loads and
frequencies, in water. In addition to conventional cone cracks that form outside the contact
circle, additional, inner cone cracks form within the contact in the water environment. These
inner cones are observed only in cyclic loading in water and are accelerated at higher
frequencies, indicating a strong mechanical driving force. They tend to initiate after the outer
cones, but subsequently catch up and penetrate much more rapidly and deeply, ultimately
intersecting the underlying coating/substrate interface. Comparative tests on glass/polymer
bilayers versus monolithic glass, in cyclic versus static loading, in water versus air environ-
ment, on abraded versus etched surfaces, and with glass instead of WC indenters, confirm the
existence of a dominant mechanical element in the inner-cone crack evolution. It is suggested
that the source of the mechanical driving force is hydraulic pressure from intrusion and
entrapment of liquid in surface fissures at the closing contact interface. This new type of cone
cracking may limit dental crown veneer lifetimes under occlusal fatigue conditions, especially
in thicker layers, where competing modes—such as undersurface radial cracks—are sup-
pressed. © 2005 Wiley Periodicals, Inc.* J Biomed Mater Res Part B: Appl Biomater 73B: 186-193, 2005
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INTRODUCTION

Ceramic-based layer systems are used in many engineering
and biomechanical applications. Important examples are all-
ceramic crowns (replacing enamel) on tooth dentin'™ and
ceramic acetabular liners in total hip replacements.*> The
ceramic layers afford mechanical protection to compliant/soft
support underlayers. However, ceramics are subject to life-
time-threatening cracking from concentrated contact stresses,
especially in sustained and cyclic loading. There is a need to
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understand how different modes of fracture and deformation
compete under such extenuating conditions.

Several damage modes induced by curved indenters in
ceramic layers on compliant substrates have been identified
and analyzed.'*®~'° These can be divided into two catego-
ries: top-surface damage from near-contact stresses, and bot-
tom-surface damage from flexural stresses. Generally, top-
surface modes dominate when the coating thickness d is large
and sphere radius r is small, especially in sharp-particle
contacts; conversely, bottom-surface modes dominate when d
is small and r is large. One of the most deleterious fracture
modes is radial cracking, usually at the bottom surface, but
also, especially in softer ceramics, from quasiplastic defor-
mation zones at the top surface. Such radial cracks are ori-
ented normal to the plate surface and are therefore susceptible
to any superposed tensile stresses generated during biome-
chanical function.

Another top-surface fracture mode associated with curved
indenters is that of classical Hertzian cone cracking.''~'® In
single-cycle loading, ring cracks form just outside the con-
tact. Because they tend to remain shallow and at a low angle
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250 um

Figure 1. Half-surface and side-section views of Hertzian indentation
sites in soda-lime glass, showing outer and inner-cone cracks formed
during cycling (WC sphere radius r = 3.18 mm, load P, = 140 N,
cycles n = 10% in water. Note annular fretting zone. Reproduced from
Kim et al.’”

relative to the specimen surface, even after prolonged load-
ing, these outer cracks are not usually considered to be so
deleterious to structural integrity. However, there is a second,
less well-studied but potentially more dangerous, inner-cone
crack that forms predominantly in cyclic loading in water."”
In highly brittle materials like glasses or fine-grain polycrys-
talline ceramics, inner-cone cracks can appear before radial
cracks. An example, reproduced from Kim et al.,'” is shown
in Figure 1. The inner cracks form much steeper angles to the
surface and ultimately propagate much deeper into the layer.
They start from close to the inner radius of an annular fretting
zone, where frictional slippage occurs between the cycling
indenter and specimen.'® Although they do not appear to
severely degrade the strength of monolithic ceramics,'” inner-
cone cracks can lead to failure in bilayers by penetrating the
brittle coating layer and causing delamination.'®

This study investigates the mechanics of inner-cone crack
evolution in brittle bilayers. The experiments are on model
bilayer systems consisting of glass plates bonded to polycar-
bonate substrates, loaded at the top surfaces with hard spheres
in cyclic loading, in water.® Glass may be considered to be
representative of brittle ceramics (e.g., porcelain), polycar-
bonate representative of a compliant support (dentin), and
water of an oral environment. The glass is sufficiently thick
(1 mm) that top-surface cracks dominate over potential com-
petitors (e.g., undersurface radial cracks), but not so much
that flexural stresses are eliminated. Cone crack evolution in
the glass layers is followed in situ during the cycling. Tests
on thick monolithic glass plates are used as a baseline com-
parison. Although the inner-cone cracks are relatively slug-

gish in their initial growth, they overtake their outer counter-
parts and penetrate deep into the brittle subsurface after
sustained cycling, ultimately causing delamination failure in
bilayer specimens. Additional comparative tests are carried
out in cyclic versus static loading, in water versus air envi-
ronment, on abraded versus acid-etched surfaces, and with
glass instead of WC indenters. These tests confirm the exis-
tence of a dominant mechanical element in the inner-cone
crack evolution. Potential sources of this mechanical element
are considered, including hydraulic pressure from intrusion
and subsequent entrapment of water in surface fissures.?' The
results demonstrate how the various failure modes may dom-
inate under different conditions of testing, so that a primary
mode in single-cycle loading may become secondary in cy-
clic loading.

EXPERIMENTAL METHOD

Soda-lime glass plates measuring 35 X 25 mm and of thick-
ness d = 1 mm were used as a model brittle-layer material.>°
The plates were bonded to polycarbonate substrates 12.5 mm
thick with a thin layer (10 wm) of epoxy resin. Bottom
surfaces were pre-etched with 4% HF for 5 min to remove
surface-handling flaws, and thus to minimize undersurface
radial cracks in the subsequent tests.” The top surfaces were
abraded with 600-grit SiC paper to introduce controlled
flaws, to ensure top-surface cracking and to reduce the glass
strength to be near that of porcelain.’>** Soda-lime glass
plates 35 X 25 X 5.8 mm were used as monolithic brittle
specimens for comparative testing.

Contact fatigue tests were carried out by loading the
specimen top surface with a WC sphere of radius » = 1.58
mm, between prescribed maximum and minimum loads
P..x =120 N and P,_;, = 2 N, for n cycles at frequency f =
1 Hz. (The minimum load was imposed to prevent the sphere
“wandering” over the specimen surface.) Figure 2 defines the
cone crack configurations: c is cone crack depth and « is cone
angle. For most tests, a drop of water was placed in the
contact zone and refreshed throughout the duration of the
experiment. Some comparative tests were carried out at fre-
quency f = 10 Hz and in static loading for prescribed test
durations ¢ at the same P,,,, (with rapid load/unload ramps).
Others were conducted in air instead of water, on acid-etched
instead of abraded top surfaces, with glass instead of WC
indenters, and at different maximum loads P_,,.

The cone cracks in the glass layers were observed in situ
during loading using a video camera system, chiefly from the
side but sometimes from below.?>* Such observations en-
abled the entire crack evolution to be followed from inception
to failure. Depth ¢ of outer and inner cracks was thereby
measured as a function of number of cycles n (or test duration
t) for each test condition. In each case the cracks were
measured at their deepest point; in the case of inner cones,
this sometimes meant switching from one segment of the
penetrating cone to another. In some cases the test was
stopped after a certain number of cycles and the specimen
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Figure 2. Schematic of crack geometry for cyclic contact with sphere
of radius r at load P and number of cycles n on glass layer of thickness
d on polycarbonate substrate, showing outer- and inner-cone cracks
of depth ¢ and angle a.

examined in transmitted light, specifically to determine the
incidence of any top-surface radial cracking.'”

RESULTS AND ANALYSIS

Outer- and Inner-Cone Crack Morphology

This subsection describes basic elements of outer- and inner-
cone crack morphology in glass monoliths and glass/polycar-
bonate bilayers. Under the test conditions used here, that is,
P..x = 120N and P,_;, = 2 N at 1 Hz in water, and etched
undersurfaces, cone cracks remained the dominant mode of
fracture.

Figure 3 shows a typical sequence of events in a glass
monolith specimen. Both cone types grow predominantly
during the loading half-cycles. After a few cycles an outer
cone initiates [Figure 3(a)] and propagates downward and
outward [Figure 3(b)] in classical fashion.'® Subsequently, an
inner cone appears below the outer-cone base [Figure 3(c)]
and extends downward at a relatively high rate [Figure
3(d,e)]. The inner cone appears as individual finger-like seg-
ments, some of which may begin slowly but may ultimately
overtake their predecessors [Figure 3(f)], reflecting some
axial asymmetry and irregularity in the crack front. Intrusion
of water into the crack interface reduces visibility of the inner
cones. After extended cycling to n ~ 10° cycles (not shown),
the cracks tended to stabilize. Top-surface inspection after
cycling confirmed outer- and inner-cone crack traces of the
type seen in Figure 1.!7 Measurements of crack angles in
several specimens yielded « = 23 + 5° for outer cones,''**
and a = 55 * 15° for inner cones.

A comparable sequence for glass/polycarbonate bilayers
under near-identical test conditions is shown in Figure 4. The
main difference between the bilayer and monolith sequences
is a slight reduction in cone crack depths in the early stages
of loading [Figure 4(a,b)], but substantial increases in depths
in the intermediate [Figure 4(c,d)] and later stages [Figure
4(e,f)]. Notable in this sequence is the appearance of a water-
filled kidney-shaped crack segment extending rapidly down-
ward [Figure 4(e)], followed by abrupt penetration of the
inner cone to the bilayer interface [Figure 4(f)]. Interestingly,
no clear indication of any coating/substrate interfacial del-
amination of the kind envisioned by others'® was observed
here, even after continuation of loading to n ~ 10° cycles (not
shown), attesting to the good bonding between glass and
polycarbonate. Crack angles were not significantly different
from those in the glass monoliths.

An effort was made to check for other damage modes,
most notably radial cracking, by looking from below the
specimens during testing and in transmitted light at various
stages of test interruption. Such cracks were indeed observed
in the near-contact zone after extensive cycling,'” but not
until well after substantial growth of the inner cones, some-
where after stage (d) or (e) in Figures 3 and 4.

Crack-Size Measurements

In this section the differences between outer- and inner-cone
crack evolution is quantified by measuring crack depths c as
a function of number of cycles n or test duration 7. As noted
in Figure 3, some cracks (especially the inner cones) grew
asymmetrically, so that occasionally one crack segment over-
took a predecessor. Accordingly, in all quantitative tests, each
crack depth was measured at the point of maximum penetra-
tion for prescribed values of n in the video sequences. Again,
the tests in this subsection were carried out at P,,,, = 120 N
and P,;, = 2 N at 1 Hz in water.

Figure 5 compares outer- and inner-cone crack evolution
in (a) monolithic glass and (b) glass/polycarbonate bilayers,
as penetration depth c(n). Data points are individual measure-
ments, for three cracks in each specimen type. Unfilled sym-
bols indicate outer cones, filled symbols inner cones. Arrows
indicate instabilities in the crack growth. The trends in Figure
5 reflect those observed in Figures 3 and 4. In the monolith
specimens, the outer cones initiate between n = 1-10 cycles
and propagate rapidly to a depth ¢ =~ 100 wm before leveling
out over the remaining data range. The inner cones initiate
considerably later, at n ~ 103 cycles, but soon overtake their
outer counterparts and propagate substantially deeper, to ¢ ~
500 wm, over the same data range. In the bilayers, initiation
conditions remain somewhat similar to those in the mono-
liths. However, the outer cones pop into a slightly shallower
depth. More importantly, the inner cones quickly grow much
deeper, becoming more unstable as they begin to experience
flexural tensile stresses, ultimately penetrating abruptly to the
glass/polycarbonate interface.

Figure 6 compares crack evolution data for cyclic testing
at (a) f = 10 Hz and (b) f = 1 Hz, as well as in (c) static

max
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Figure 3. Video side views of cone crack evolution in soda-lime glass monolith (top surface abraded),
indentation with WC sphere of radius r = 1.59 mm, cyclic loading between P, ., = 120 N and P,,;, =
2 N at 1 Hz, in water: (a) n = 6 cycles, (b) n = 1.1 X 10% cycles, (c)n = 7.0 X 103, (d) n = 1.0 x 104,
(e) n = 2.5 x 10%, () n = 1.6 X 10°. Note steady growth of inner-cone crack segments.

loading at a common maximum load. To facilitate intercom-
parison, the data in this figure are plotted as a function of test
duration ¢ (= n/f for cyclic tests) rather than of n. Again,
unfilled symbols indicate outer cones and filled symbols inner
cones, with arrows indicating instabilities. The data for outer
cones show a similar trend in all cases, suggesting a common
time-dependent slow crack growth mechanism. However, the
data for the inner cones show substantial shifts between the
10-Hz and 1-Hz data, consistent with a mechanical fatigue
mechanism dependent only on number of cycles. Note the
absence of any data at all for inner cracks in static loading in
Figure 6(c), confirming a dominant mechanical driving force
for this crack system.

Basic fracture mechanics analysis may be used to quantify
the data trends in Figures 5 and 6. For cone cracks extending

by slow crack growth in Hertzian contact fields, cyclic or
static, analysis gives ¢ o (n/f)**" o N, where N is a crack
velocity exponent.'” This dependence is included as the in-
clined lines in Figures 5 and 6, with common slope (corre-
sponding to N = 17 for soda-lime glass)'” and intercept, and
signifies a pronounced slowdown with extension as the crack
propagates away from the contact force. Whereas the well-
developed outer cones follow this classical slow crack growth
dependence to reasonable approximation, the inner cones follow
a much steeper curve, closer to a linear relation ¢ = ¢, indicating
a sustained driving force throughout the entire crack evolution.

Additional Tests

Additional cyclic tests at f = 1 Hz were made on the glass/
polycarbonate bilayers to investigate the influence of extra-
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Figure 4. Video side views of cone crack evolution in soda-lime glass of thickness d = 1 mm (top
surface abraded) on polycarbonate substrate, indentation with WC sphere of radius r = 1.59 mm,
cyclic loading between P, = 120 N and P,,,;,, = 2 N at 1 Hz, in water: (a) n = 6 cycles, (b)n = 2.1 X
108, (c)n = 7.0 X 105, (d) n = 1.0x10%, (e) n = 2.5 X 10%, (f) n = 2.5 X 10*. Note accelerated growth

of inner-cone crack segments in (e) and (f).

neous variables—surface flaw state, indenter/specimen elas-
tic mismatch, and environment—under testing conditions
otherwise similar to those in Figures 3—6. Tests on acid-
etched relative to abraded top surfaces indicated a higher
number of cycles to initiate outer cones, as expected for
surfaces with smaller and more sparse flaws. However, once
the outer cones formed and entered the contact far field, they
reached depths similar to those in the abraded specimens,
again as expected. Most interestingly, the flaw state made
little discernible difference to the evolution of inner cones,
either initiation and propagation. This suggests that the flaw
state in the annular contact fretting region of Figure 1, where
the inner cones form, may be governed by extraneous damage
from asperities on the indenting sphere.'”

Effects of elastic mismatch were investigated using glass
instead of WC spheres, of the same radius r. Again, it took a
higher number of cycles to initiate outer cones, partly because
of reduced stress intensity beneath the softer indenter and
possibly also because of reduction of frictional tractions at the
indenter/specimen interface.'® However, inner cones still
formed, and at similar critical number of cycles (within data
scatter bounds), as for WC indenters. This last result would
appear to eliminate elastic mismatch as a primary cause of
inner-cone crack development.

Finally, some cyclic tests were conducted in air instead of
water to ascertain the influence of environment. Outer-cone
cracks initiated much more slowly in air than in water (by a
factor of 10°-10° in n), consistent with a slower crack veloc-
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ity in the gaseous environment.?>*® Tellingly, no inner-cone
cracks were observed at the operating load P,,, = 120 N up
to 10° cycles, or in tests at loads up to P,,, = 500 N over the
same cycle range, indicating that liquid environment is an
essential requirement for formation of this crack type.

DISCUSSION

This study has examined fracture modes in glass/polycarbon-
ate bilayers in cyclic loading with spherical indenters in
water, in simulation of crown/tooth occlusal contact in dental
function. Abraded soda-lime glass was selected as the model
brittle material, representative of porcelain materials used
in dental crowns!” (and indeed to some extent of natural
enamel®”?®). Abrading the glass top surface reduces the
strength to that of porcelain, by introducing flaws comparable
in scale to those associated with crystallites in the porcelain
interior. Glass has the distinct advantage of transparency,
enabling in situ viewing of crack evolution through the entire
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loading process. For the glass thickness of 1 mm used here,
the dominant stress state is that of Hertzian contact. The
corresponding principal mode of fracture is top-surface cone
cracking.’ Classical outer-cone cracks grow steadily in either
static or cyclic loading, in accordance with a slow crack
growth mechanism associated with the influence of water
molecules.'>'*172 Inner-cone cracks, relatively unexplored
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until now, appear predominantly in cyclic loading in water.
These inner cracks grow in bilayers much as in monoliths,
more slowly initially, but subsequently more quickly, owing
to a superposed (albeit secondary) flexural stress field. It is
the tendency for inner cones to accelerate toward the lower
interface in their later stages [Figures 4(f) and 5] that renders
the bilayer structure especially vulnerable. Although the in-
cidence of cone cracks may not degrade the tensile strength of
ceramic components as severely as other modes (e.g., radial
cracks),'” they may nevertheless provide pathways for exter-
nal elements to the interior of the layer system—and, in
the case of weak interfaces, become a source of interlayer
delamination.'

The question then arises at to the source of the mechanical
forces that drive the inner-cone cracks. These cracks appear
to initiate close to the inner boundary of a fretting annulus
within the greater contact circle (Figure 1). Three contribut-
ing factors may be considered:

1. Indenter/specimen elastic mismatch. If the indenter and
immediate specimen materials have different elastic mod-
uli, frictional slip can occur in an outer annulus at the
contact interface.'®*° Such slip can impose additional
radial contact stresses, which reverse during loading/un-
loading, enhancing local tension within the contact zone.
However, although frictional slip may exacerbate surface
fretting, especially in the case of WC indenters (where
elastic mismatch relative to glass is high), it cannot be the
principal cause, because inner cones form almost as
readily using glass indenters (where the mismatch is zero).

2. Cumulative quasiplasticity. Another potential mechanism
is buildup of residual stresses from cumulative quasiplas-
ticity below the immediate contact surface, particularly in
the vicinity of the fretting zone. In monolithic ceramics,
the source of radial cracks is residual tensile stress at the
quasiplastic zone boundary. Quasiplasticity is a result of
microstructural breakdown from local shear stresses be-
low the contact, leading to intensive damage accumula-
tion.®131733 Although it is most evident in softer, more
heterogeneous ceramics, quasiplasticity can become a fac-
tor in the most brittle of materials, including glass and
porcelain.'’?* The depth of any quasiplastic zone in-
creases steadily downward from the fretting zone with
continued cycling.** This mode is augmented by the entry
of water into weakened shear fault interfaces.*>* Al-
though the presence of starting flaws (e.g., from abrasion)
may provide starting sites for quasiplasticity, shear faults
may initiate at initially defect-free (e.g., etched) surfaces
from generation of local stress concentrations (e.g., from
microcontacts with indenter asperities). However, because
the quasiplasticity zones are generally confined to a vol-
ume immediately below the contact area, this mode of
deformation would appear incapable of explaining the
persistent long-range propagation of the inner cones into
the deep sublayer.

3. Hydraulic pumping. Another potential source of mechan-
ical driving force is hydraulic pumping as confined water

ingresses and egresses the crack interface under pressure
during the loading and unloading half-cycles. That water
does enter the crack is indisputable—recall the mottled
appearance of the water-filled kidney-shaped crack seg-
ment in Figure 4(e). Hydraulic pressure has long been
considered a primary mode of fatigue-crack initiation and
propagation in lubricated rolling contact configura-
tions.?**37 Water intrusion can force open surface flaws
or fissures in the immediate contact zone, and can drive
cracks deep into the sublayer by forcing entrapped liquid
toward the crack tip. Continual extension allows more
water to enter the crack interfaces in subsequent cycles,
thereby generating an ever-persistent long-range driving
force, even as the cracks penetrate deep into the sublayer.
That such a mechanism can exert the necessary forces
needed to drive the inner cones through an entire plate
(Figures 4-6) is evidenced by the occasional failure of
very thick (3 mm) monolithic specimens during cycling in
water at high contact loads.'”*?

In view of the potentially destructive nature of the inner-
cone cracks, more definitive experiments to elucidate the
intrinsic mechanisms of the fracture evolution and to develop
appropriate fracture mechanics descriptions appear to be war-
ranted.

Although clearly deleterious, inner-cone cracks are still
less dangerous than their main competitor—radial cracks. As
already indicated, radial cracks are readily generated from
quasiplastic zones in softer, coarser polycrystalline ceramics
and in contacts with sharper indenters.*® They are observed in
the present experiments, again especially in water, although
in this case only after development of the inner cones. Once
they do form, quasiplastically induced radial cracks provide a
potent source of failure, because they are oriented normally to
any ensuing flexural tensile stresses. Similar radial cracks can
also occur at the bottom surface of brittle plates on compliant
supporting substrates, but in that case from naturally occur-
ring flaws. Those latter radial cracks become dominant as the
plate thickness is diminished much below 1 mm, that is, as
the stress concentrations shift from the top to the bottom
surface, and in plates with severe undersurface abrasion prep-
aration.*

In the specific context of dental crowns, it is clear that any
sound design strategy requires due attention to the various
failure modes. The first requirement is to maintain an ade-
quate crown thickness, in order to avoid bottom-surface ra-
dials at all costs. Fatigue of the porcelain veneer from con-
tinued growth of inner-cone cracks could become a problem
in such crowns, particularly in cases where the opposing
cuspal radii are relatively small, leading to uncommonly high
local stress concentrations.®® The presence of oral fluids and
the superposition of complex loading cycles (including tan-
gential and rotational components) can only make matters
worse. Penetration of inner-cone cracks to the dentin subsur-
face offers pathways to infection, if not total failure of the
crown. The presence of stiff and strong ceramic-core layers
may offer some protection by arresting any such penetrating
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cracks, but then the system may become susceptible to del-
amination of the veneer. Additional effects of any residual
stresses in the veneer from thermal expansion mismatch
relative to the core could be an additional factor.

The same manner of contact loading pertains to force
states in ceramic acetabular liners (typically 4—5 mm thick)
with polyethylene backing in total hip replacements, although
there the nature of the contact is considerably more com-
plex.*?

Discussions with Herzl Chai, Yeon-Gil Jung, Yan Deng, E.
Dianne Rekow, Van P. Thompson, and Hee-Soo Lee are gratefully
acknowledged.
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